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Amendment to the Drawings 

A replacement sheet for FIG. 4 is provided under Appendix A. The proposed changes 
are detailed below in Section B, Drawing Objections of this Response. Applicant respectfully 
requests the Examiner approve the drawings as amended. 
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Remarks 

A. Status of Claims 

Claims 1-9 are pending. Claims 4-5 have been withdrawn. Claims 1-3, 6, 7, and 9 have 
been amended. Claims 1-3 and 6-9 are presented for reconsideration. 

B. Drawing Objections 

The drawings stand objected to for allegedly failing to comply with 37 C.F.R. § 
1.84(p)(5). Applicant submits a replacement drawing sheet under Appendix A correcting the 
inadvertent error, and in particular, removing reference number 430 from FIG. 4. Applicant 
submits the changes do not add new matter and respectfully requests the objections to the 
drawings be withdrawn. 

The drawings also stand objected to for allegedly failing to comply with 37 C.F.R. § 
1.83(a) because the drawings fail to show every feature of the invention. Applicant respectfully 
traverses. However, claim 9 has been amended and now recites "The method of claim 8, further 
comprising creating a photon distribution energy curve of the signal." The element cited in 
claim 9 is shown, for example, in FIG. 6 and described in the supporting text. Applicant 
believes that claim 9 and FIG. 6 are in full compliance with 37 C.F.R. § 1.83(a) and respectfully 
requests the objections to the drawings be withdrawn. 

C. Specification Objection 

The Specification stands objected under 35 U.S.C. § 112 first paragraph for allegedly 
failing to provide an adequate written description and for failing to enable one of ordinary skill 
in the art how to make and use the invention. Applicant respectfully traverses. 

7. Components 1 through 5 

The Office contends that the Specification fails to provide an adequate description and an 
enabling description. In particular, the Office contends that the Specification fails to provide the 
internal components of the PPADs, the scintillator paddles, the converter, the data acquisition 
and processing system, and the computer program. See page 4-5 of the Office Action mailed on 
2/13/06. Additionally, the Office states that if the description of the individual components is 
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described in other references, such references should be provided to the Office. See id. 
Applicant respectfully traverses. 

Here, the basis for the written description and enablement rejection is only that no 
description of the internals of certain components is provided. See Office Action, page 4. This 
fails to rise to a prima facie case because no argument or explanation is propounded to address 
why the Specification is incomplete or why the Specification would not teach one how to make 
and use the claimed invention without undue experimentation. Instead, it appears that the 
Examiner expects a longer description than what is given, without any supporting evidence or 
reasoning, that a longer (or different) description would be required for one to make and use the 
invention. 

If the Office doubts that the Specification shows how to make and use the invention, then 
it must explain its reasoning. In this regard, Applicant notes that "it is incumbent upon the 
Patent Office... to explain why it doubts the truth or accuracy of any statement in a supporting 
disclosure and to back up assertions of its own with acceptable evidence or reasoning which is 
inconsistent with the contested statement." M.P.E.P. 2164.04 (quoting In re Marzocchi, 439 
F.2d 220, 224, 169 U.S.P.Q. 367, 370 (CCPA 1971)) (emphasis added). If the Examiner wishes 
to rely on personal knowledge or evidence in the art to support an enablement rejection, that 
position would have to be supported by citing published references or by Examiner's Affidavit. 
M.P.E.P. 2144.03. 

Applicant also notes that not everything necessary to practice the invention need be 
disclosed and what is well-known is best omitted. In re Buchner, 929 F.2d 660, 661, 18 
USPQ2d 1331, 1332 (Fed. Cir. 1991). All that is necessary is that one skilled in the art be able 
to practice the claimed invention, given the level of knowledge and skill in the art. Applicant 
assert that the description of components 1 through 5 in the Specification is fiiU, clear, and 
concise, and would enable any person with ordinary skill in the art to make and use the 
components without undue experimentation. For at least these reasons, the objection is 
improper. 
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However, in the spirit of cooperation, Applicant provides below example portions of the 
Specification where each component is fully described. Supporting references or commercial 
companies with similar components for sale are also provided. 

a. A fission-fragment detector or a parallel plate avalanche detector (PPAD) is 
described in detail, for example, beginning on page 9, line 14 through page 12, line 19 and 
shown in FIGs. 1 through 4 of the Specification. 

Additionally, a Supplemental Information Disclosure Statement (SIDS) is being filed 
concurrently with this paper. A courtesy copy of the Supplemental Information Disclosure 
Statement is provided for the convenience of the Examiner under Appendix F, and a copy of the 
reference is provided under Appendix B. The reference (co-authored by Applicant) is directed 
to the design of an example PPAD. Applicant requests that this reference be considered and 
made of record. 

For at least the above reasons, the description provided is complete and adequate. 

b. A scintillator paddle is described in detail, for example, in FIG. 1 and beginning 
on page 7, lines 18 through 22, page 8, line 13 through page 9 line 13. Referring to the reference 
provided under Appendix C, the functionality and different types of scintillator detectors are 
provided. See pages 157-164. Applicant requests that this reference, concurrently submitted in 
the SIDS, be considered and made of record. Applicant also notes that such detectors may be 
obtained from, amongst other companies, Saint Gobain Crystals, Newbury, Ohio or from Eljen 
Technology, Sweetwater, Texas. 

For at least the above reasons, the description provided is complete and adequate. 

c. A converter is described in detail, for example, in FIG. 1, on page 7, lines 13-18, 
and on page 9, lines 2-10. The reference provided under Appendix C provides how electron 
pairs are produced. See pages 57-59. 

For at least the above reasons, the description provided is complete and adequate. 

d. A data acquisition system is illustrated in FIG. 5 and described in detail beginning 
on page 13, line 3 through page 14, line 10. 
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Referring to the reference provided under Appendix D, the functionality of a data 
acquisition system used in a detector system. See pages 351-354. Applicant requests that this 
reference, concurrently submitted in the SIDS, be considered and made of record. 

For at least the above reasons, the description provided is complete and would enable one 
of ordinary skill in the art to make and use the invention without undue experimentation. 

e. A computer program, as defined in the Specification, is 

a sequence of instructions designed for execution on a computer system. A program, or 
computer program, may include a subroutine, a function, a procedure, an object method, 
an object implementation, an executable application, an applet, a servlet, a source code, 
an object code, a shared library/dynamic load library and/or other sequence of instructions 
designed for execution on a computer system. See page 15, lines 10-15. 

Applicant asserts that one of ordinary skill in the art, fi^om the definition provided in the 

Specification, would understand a computer program. For at least the above reasons, the 

description provided is complete and adequate. 

2. Tuning the PPAD 

The Office contends that "there is no adequate description or enabling disclosure of how 
and in what manner different materials are used to tune PPAD 200 to a corresponding range of 
energies to allow detection of materials in varying atomic numbers," (Office Action, page 5). 
Applicant respectfully traverses. 

The Specification provides, for example, on page 6, lines 9 through 14, that 

In the passage of photons through matter, a photon interacts with atoms or nuclei in an 
energy-dependent way. Specifically, high atomic number (Z) materials tend to absorb 
higher energy photons, and low Z materials tend to absorb lower energy photons. The 
invention includes a method and/or apparatus for measuring the attenuation of a photon 
beam flux, therefore yielding a measure of the density and distribution of the interrogated 
material. 

To achieve this, the Specification discloses three sets of detectors 135, 140 and 150 "used 
to measure the beam of photons 121 emerging from the cargo container 125.'' (Page 8, 
lines 5 through 6). The PPAD 135 may be 

tuned to the photofission cross section of the fissile material to be interrogated in container 
125. In one embodiment, the array of fission-fragment detectors 135 is sensitive to photon 
energies in the range of about 10 to 20 MeV. In other embodiments, a different range of 
energies may be desirable. 
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As noted in the Specification, the "fission-fragment detector 200 may be used as an element of 
the array of fission-fragment detectors 135 detailed in FIG. 1." (Page 10, lines 2 through 4). 

Applicant assert that one of ordinary skill in the art, from the description provided in the 
Specification would understand that the PPADs may be tuned to, /.e, be sensitive to different 
targets having different responses to the energy of the emerging photon beam, hence "tunable," 
and thus, would be able to practice the invention without undue experimentation. Applicant 
respectfully requests the objection to the Specification be withdrawn. 

3. Identifying Material 

The Office contends that there is no adequate description or enabling disclosure on how 
and in what matter any material is identified. See page 5 of the Office Action. Applicant 
respectfully traverses. 

Referring to FIG. 1 and the supporting text, the Specification provides 

detectors 135, 140 and 150 can be used to measure the beam of photons 121 emerging 
from the cargo container 125. By resolving the energy of the beam 121, the effective 
density distribution of the matter within the container 125 may be revealed. Material 
concealed within the cargo container 125 may selectively absorb the various parts of the 
bremsstrahlung spectrum of the incident photon beam 120 depending upon its atomic 
number. The photon flux monitor 130 may register a drop in the emerging photon beam 
121 intensity in the energy regime where the interrogated material has preferentially 
absorbed the photon beam. (Specification, page 8, lines 5-12) 

For low-Z materials which interact primarily with the lower energy portion of the emerging 
photon beam 121, "the variation of the PMT current may give a measurement of the distribution 
of low-Z materials within the interrogated vessel 125. In one embodiment the scintillator 
paddles 140 are sensitive to photon energies less than about 6 MeV." (Specification, page 8, 
lines 19-21). Similarly, for high-Z materials, converter foil 145 and scintillator paddles 150 may 
be used to produce and detect electron/positron pairs, respectively. See page 9, lines 1 through 
13. In one respect, scintillator paddles 150 are sensitive to photon energies above 6 MeV. See 
id. 

The Specification sets forth clearly and concisely how to identify matter by detecting the 
energy beam (121) from the container using, for example, detectors 135, 140, and 150. One of 
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ordinary skill in the art would recognize how materials are identified given the detailed 
description provided in the Specification. Applicant respectfully requests the objection to the 
Specification be withdrawn. 

4. Scintillator Paddles 

The Office contends that there is no adequate description or enabling disclosure of how 
and in what manner the scintillator paddles may be a telescopic array. See page 5 of the Office 
Action. Applicant respectfully traverses. 

Telescopic array is a term known in the art where the detectors are aligned in a linear 
fashion. Support for this may be found in the reference under Appendix E, See FIG. 2 and the 
supporting text. Applicant requests that this reference, concurrently submitted in the SIDS, be 
considered and made of record. 

For at least the above reasons, the description provided is complete and would enable one 
of ordinary skill in the art to make and use the invention without undue experimentation. 

D. Section §112, First Paragraph Rejections 

Claims 1-3 and 6-9 stand rejected under 35 U.S.C. § 112, first paragraph, as allegedly 
failing to comply with the written description requirement and enabling requirement, as outlined 
above with respect to the Specification objection. Applicant respectfully traverses. 

Applicant refers the Office to the analysis above, which overcomes these rejections. 
Applicant respectfully request the removal of the § 1 12, first paragraph rejections to the claims. 

E, Section §112, Second Paragraph Rejection 

Claims 1-3, 6-9 stand rejected under 35 U.S.C. § 112 second paragraph for allegedly 
failing to particularly point out and distinctly claim the subject matter. Applicant respectfully 
traverses. 

/. Claim 1 is Definite 

The Office contends that claim 1 is indefinite for being vague as to where the emerging 
photon beam originates. See page 7 of the Office Action. Claim 1 has been amended and now 
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recites, in part: "detecting an emerging photon beam from the material.*' Support for the 
amendment may be found, for example, in FIG. 1 and the supporting text of the Specification. 

The Office also contends that the term "different" and "ranges" are vague, indefinite and 
incomplete. Applicant traverses. 

Independent claim 1 recites, in part: "the first set of scintillator paddles, and the second 
set of scintillator paddles are sensitive to different ranges of photon beam energy." The 
Specification clearly sets forth an example of "different" and "range." For example, a first set of 
scintillator paddles, e.g., scintillator paddles 140 of FIG. 1 "are sensitive to photon energies less 
than about 6 MeV." (Page 8, line 21). A second set of scintillator paddles, e.g., scintillator 
paddles 150 of FIG. 1 "are sensitive to photon energies exceeding about 6 MeV." (Page 9, lines 
11-12). 

Considering this example description of how a first set of scintillator paddles and a 
second set of scintillator paddles are sensitive to different ranges of photon beam energy of claim 
1 in light of the fact that "definiteness of claim language must be analyzed, not in a vacuum, but 
in light of: (A) the content of the particular application disclosure, (B) the teachings of the prior 
art, and (C) the claim interpretation that would be given by one possessing the ordinary level of 
skill in the pertinent art at the time the invention was made" M.P.E.P. § 2173.02, 2100-194], 
Applicant respectfully submits that claim 1 is definite. Applicant respectfully requests the 
removal of the rejection to claim 1. 

Further, the Office states that the limitation does not connote any particular range or 
indicates if the range overlaps, etc. See page 7 of the Office Action. However, based on this 
claim step, one of ordinary skill in the art would understand that the recited the ranges may vary, 
and that one or more ranges may be used. Breadth is not indefiniteness. M.P.E.P. § 2173.04. 

For at least these reasons, Applicant respectfully submits that claim 1 is definite. 
Applicant respectfully requests the removal of the rejection to claim 2. 

2. Claim 2 is Definite 

The Office states that claim 2 is vague, indefinite, and incomplete in what is meant by the 
term "detecting the material." See Office Action, page 8. Claim 2 has been amended and now 
recites, in part: "determining the atomic number of the material in the container." Support for 
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the amendment may be found, for example, on page 6, lines 5 through 6. Applicant believes that 
the amendment clarifies the step of identifying the material. Applicant respectfully requests the 
removal of the rejection to claim 2. 

3. Claim 3, 6, and 7 are Definite 

Claims 3, 6, and 7 are allegedly deemed vague, indefinite, and incomplete as the phrase 
"photon beam energy" by the Office. See Office Action, page 9, Applicant traverses. However, 
claims 3, 6, and 7 have been amended and each now recites detecting an energy from the 
emerging photon beam. Applicant submits that claims 3, 6, and 7 are definite and respectfully 
request that the § 112, second paragraph rejection be withdrawn. 

4. Claim 9 is Definite 

Claim 9 stands rejected for improper antecedent basis. Applicant has amended the 
inadvertent error. Support for the amendment may be found, for example, on page 14, lines 8- 
10. Applicant respectftilly requests the removal of the rejection to claim 9. 

5. Claim 3 is Definite 

Claim 3 stands rejected for are allegedly being vague, indefinite, and incomplete based 
on the element "about 10 to 20 MeV." See id. In particular, the Office rejects the element "10" 
for lack of units and for the term "about." See id. Claim 3 has been amended to recite "10 
MeV." 

Applicant submits that the term "about" is definite. See M.P.E.P § 2173.05(b) (claim 
language including terms of degree does not automatically render the claim indefinite). The term 
"about" has been deemed definite if it can clearly be assessed. Here, one of ordinary skill in the 
art would know what is meant by the use of "about 10 MeV to 20 MeV) in claim 3. 

For at least the above reasons, claim 3 is definite. Applicant respectfully requests the 
removal of the rejection to claim 3. 

6. Claims 1-3 and 6-9 

Claims 1-3 and 6-9 stand rejected under 35 U.S.C. § 1 12, second paragraph for allegedly 
omitting essential steps. Applicant respectfully traverses. 
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Applicant notes that the second paragraph of 35 U.S.C. § 112 is directed to the 
requirements that the claims particularly point out and distinctly claim the subject matter which 
the Applicant regards as his invention. The claims, however, are not required to recite each and 
every step that could be performed during use of the method or to recite specifically how each 
step of the method could be performed. For example, the claims particularly point out and 
distinctly claim the subject matter that Applicant regards as his invention even though the claims 
do not recite additional specific steps that can be employed. If the scope of the subject matter is 
clear, and if Applicant have not otherwise indicated that they intend the invention to be of a 
scope different from that defined in the claims, then the claims comply with 35 U.S.C, 112, 
second paragraph. M.P.E.P. § 2173.04. 

However, claim 1 has been amended and now recites a step for identifying the material. 
Support for the amendment may be found, for example, on page 6, lines 4-6, which states a 
method for "measuring fluxes of transmitted photons in the regime of high energies, thereby 
determining the atomic number of the material on the photon beam path." 

For at least these reasons, claim 1 and its dependent claims are complete. Removal of the 
§ 1 12 rejection is requested. 

F. Section 102 Rejections 

Claims 1-3 and 6-9 stand rejected under 35 U.S.C. § 102(b) as allegedly being 
anticipated by the reference entitled "Associated Particle Sealed Tube Neutron Probe for 
Characterization of Materials" by Rhodes et al In light of the above claim amendments and 
below comments, Applicant respectfully traverses. 

Claim 1 has been amended and now recites: 

casting an incident photon beam on the material; 

detecting an emerging photon beam from the material with an array of fission-fragment 
detectors, a first set of scintillator paddles, and a second set of scintillator paddles, 
wherein the array of fission-fragment detectors, the first set of scintillator paddles, 
and the second set of scintillator paddles are sensitive to different ranges of 
photon beam energy; and . 

determining a photon energy regime of the emerging photon beam, the photon energy 
level identifying the material. 
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Support for the amendment may be found, for example, in FIG. 6 and the corresponding text. 
The Specification discloses that in "passage of photons through matter, a photon interacts with 
atoms or nuclei in an energy-dependent way. Specifically, high atomic number (Z) materials 
absorb higher energy photons, and low Z materials tend to absorb lower energy photons." (Page 
6, lines 9-11). The element of determining a photon energy level of the emerging photon beam, 
the photon energy level identifying the material, amongst others, is absent in the Rhodes 
publication. 

The Rhodes publication is directed to neutron diagnostic probe system. See Abstract. In 
one respect, to detect contraband, a fast-neutron transmission imaging (FNTI) system and a 
gamma-ray transmission imaging (GRTI) are used. See Section 4.2. Neither of these systems 
determines a photon energy level of the emerging photon beam, the photon energy level 
identifying the material, as recited in claim 1. Rather, the FNTI detects spatial attenuation and 
the GRTI detects gammy-rays. See id. 

Additionally, the Rhodes reference fails to teach or suggest detecting an emerging photon 
beam from the material with an array of fission-fragment detectors, a first set of scintillator 
paddles, and a second set of scintillator paddles, wherein the array of fission-fragment detectors, 
the first set of scintillator paddles, and the second set of scintillator paddles are sensitive to 
different ranges of photon beam energy. Neither the FNTI system and/or the GRTI system 
include an array of fission-fragment detectors, a first set of scintillator paddles, and a second set 
of scintillator paddles. See id; see also FIG. 15. 

For at least the above reasons, claims 1 and dependent claim 2 are patentably distinct 
over the Rhodes publication. Applicant respectfully requests the removal of the § 102 rejection 
to claim 1 and its dependent claims. 

G. Section 103 Rejections 

Claims 1-3 and 6-9 stand rejected under 35 U.S.C. § 103(a) as allegedly being obvious 
over U.S. Patent No. 6,195,413 to Geus et al or U.S. Patent No. 5,742,660 to Majewski et al In 
light of the above claim amendments and below comments, Applicant respectfully traverses. 
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L The Combination of the Geus and Rhodes References Does Not Render the 
Claims Obvious 

As noted above, the Rhodes reference fails to teach or suggest detecting an emerging 
photon beam from the material with an array of fission-fragment detectors, a first set of 
scintillator paddles, and a second set of scintillator paddles, wherein the array of fission- 
fragment detectors, the first set of scintillator paddles, and the second set of scintillator paddles 
are sensitive to different ranges of photon beam energy or determining a photon energy level of 
the emerging photon beam, the photon energy level identifying the material. The Geus reference 
does not provide the deficiencies. 

The Geus reference is directed to detecting x-rays. See Abstract. To achieve this, Geus 
provides generating two separate signals FXl and FXh from the material and transmits these 
signals to an image evaluation unit 12 where the "materials in object 2 are evaluated and 
identified." (Column 5, lines 17-20). Like the Rhodes reference, the Geus reference fails to 
identify determining a photon energy level of the emerging photon beam, the photon energy 
level identifying the material, as recited in claim 1 . Rather, Geus determines the material based 
on image construction. 

Further, the Geus reference also fails to teach detecting an emerging photon beam from 
the material with an array of fission-fragment detectors, a first set of scintillator paddles, and a 
second set of scintillator paddles, wherein the array of fission-fragment detectors, the first set of 
scintillator paddles, and the second set of scintillator paddles are sensitive to different ranges of 
photon beam energy, as recited in claim 1 . Nowhere in the Geus reference is an array of fission- 
fragment detectors and a first set and second set of scintillator paddles taught or suggested. 

For at least the above reasons, claims 1 and dependent claim 2 are patentably distinct 
over the combination of the Geus reference and Rhodes reference. Applicant respectfully 
requests the removal of the § 102 rejection to claim 1 and its dependent claims. 

2. The Combination of the Majewski and Rhodes References Does Not Render the 
Claims Obvious 

The Majewski reference is directed to obtaining an x-ray image using a raster scanning 
technique over an object. See Summary of the Invention. In one respect, using a point detector 
24, an ytrrium aluminum perovskite (YAP), or a single dual sensitive detector, focused x-rays 
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contribute to the image produced. See column 4, lines 18-24 and lines 55-58; see also column 
5,lines 35-39; see also FIGs. 2, 3, and 5. Nowhere in the Majewski reference is detecting an 
emerging photon beam from the material with an array of fission-fragment detectors , a first set 
of scintillator paddles , and a second set of scintillator paddles , wherein the array of fission- 
fragment detectors, the first set of scintillator paddles, and the second set of scintillator paddles 
are sensitive to different ranges of photon beam energy taught or suggested. 

Furthermore, Majewski fails to teach or suggest determining a photon energy level of the 
emerging photon beam, the photon energy level identifying the material. 

For at least the above reasons, neither the Majewski reference nor the Rhodes reference, 
separately or combined, teaches or suggests the elements of claim 1 . Therefore, claim 1 and its 
dependent claims are patentably distinct over the cited references. Applicant respectftilly 
requests the removal of the § 103 rejection. 

i. The Combination of the Bruschini Reference with the Geus or Majewski 
References Does Not Render the Claims Obvious 

Claims 1-3 and 6-9 stand rejected under 35 U.S.C § 103(a) as allegedly being obvious 

over the publication entitled "Commercial Systems for Direct Detection of Explosives" by 

Bruschini in view of the Geus reference or Majewski reference. Applicant respectfully traverses. 

As noted above, neither the Geus reference nor Majewski reference teaches or suggests 
detecting an emerging photon beam from the material with an arrav of fission-fragment 
detectors, a first set of scintillator paddles , and a second set of scintillator paddles , wherein the 
array of fission-fragment detectors, the first set of scintillator paddles, and the second set of 
scintillator paddles are sensitive to different ranges of photon beam. The Bruschini reference 
fails to provide the deficiencies. 

The Bruschini reference is directed to characterizing existing technologies for use of 
direct detection of explosives. See page 3, section entitled "Introduction." In one respect, the 
Bruschini reference disclose x-ray based systems such as backscatter systems (measuring 
backscatter from the object), dual energy x-ray systems (adding color to an image and 
discriminating the image based on power), computed tomography systems (generating cross- 
sectional slices of the object and reconstructing the slices to produce a 3D image) for 
determining an object. None of these systems teach or suggest detecting an emerging photon 
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beam from the material with an array of fission-fragment detectors, a first set of scintillator 
paddles, and a second set of scintillator paddles, wherein the array of fission-fragment detectors, 
the first set of scintillator paddles, and the second set of scintillator paddles are sensitive to 
different ranges of photon beam. 

The Bruschini reference also discloses gamma spectroscopy neutron based technology 
and system for detecting explosives. See section entitled "Gamma Spectroscopy Neutron Based 
Techniques." This systems generally include gamma detectors such as a counting device, high 
purity germanium detectors, bismuth germanate detectors, or sodium iodide scintillator. 
However, these detectors cannot be construed as an array of fission-fragment detectors, a first set 
of scintillator paddles, and a second set of scintillator paddles, as recited in claim 1. 

For at least the above reasons, claim 1 and its dependent claims are patentably distinct 
over the cited references. Applicant respectfully requests the removal of the § 103 rejections to 
claims 1-3 and 6-9. 

4. Hindsight is Impermissible 

The Office contends that it would have been obvious to one of ordinary skill in the art at 
the time of the invention, detectors sensitive to different energy levels would have been obvious. 
See Office Action page 10 (with respect to the Rhodes reference); see also page 1 1 (with respect 
to the Bruschini reference). In deriving its contentions, the Office is evidently proceeding with 
an impermissible hindsight analysis of the invention. To imbue one of ordinary skill in the art 
with knowledge of the instant invention, where no prior art reference or references of record 
convey or suggest that knowledge, is to fall victim to the insidious effect of a hindsight 
syndrome wherein that which only the inventor taught is used against its teacher. W.L Gore 
Assoc., Inc. V. Garlock Inc., 220 USPQ 303, 312-313 (Fed. Cir. 1983). 

Applicant submits that the Bruschini reference and the Rhodes reference fail to anticipate 
or make obvious claim 1. For at least these reasons, independent claim 1 and its dependent 
claims are patentably distinct over the cited references. Applicant respectfully requests the 
removal of the § 103 rejection. 



25653507.1 



20 



SN 10/694,624 

Amendment; Response To Office Action Mailed 2/13/06 

Conclusion 

Applicant believes that the foregoing remarks fully respond to all outstanding matters for 
this application. Applicant respectfully requests that the rejections of all claims be withdrawn so 
the claims may swiftly pass to issuance. 

Should the Office desire to sustain any of the rejections discussed in relation to this 
Response, the courtesy of a telephonic conference between the Examiner, the Examiner's 
supervisor, and the undersigned attorney at 512-536-3018 is respectfully requested in advance. 



Respectfully submitted, 

Michael C. Barrett 
Reg. No. 44,523 

FULBRIGHT & JAWORSKI, L.L.P. Attorney for Applicant 

2400 One American Center 

600 Congress Avenue 

Austin, TX 78701 

Telephone: 512/536-3018 

Facsimile: 512/536-4598 

Date: May 15, 2006 
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Abstract 



A fission-fragment detection system was designed and built at The George Washington University, to be used in 
photofission experiments at the Saskatchewan Accelerator Laboratory and the Jefferson Laboratory. The fission 
fragments were detected using parallel-plate avalanche detectors with anode wire grids. An array of several tar- 
get-detector pairs was mounted inside a low-pressure reaction chamber. The results of calibrations of the detectors using 
a ^^^Cf source and their performance with a bremsstrahlung photon beam during the experiments are presented. 
© 2000 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

A fission-fragment detection system was de- 
signed and built at The George Washington 
University in order to measure the absolute photo- 
fission cross sections for the actinides ^^"^Np, ^^^U, 
235^^ 233jj^ 232jj^ f^j. ^j^^ prcactinidcs 

^^'Au and ^^"^Pb with 3% statistical precision and 



•Corresponding author. Tel.: + 1-202-994-6275. 

E-mail address: berman@gwu.edu (B.L. Berman) 

* Present address. Departamento de FIsica, Universidad de 
los Andes, A.A. 4976, Bogota, Colombia. 

^Present address. Department of Physics, University of 
Texas. El Paso, TX 79968, USA. 

^ Retired. 



less than 5% systematic uncertainty. The measure- 
ments were performed at the Experimental Area 
2 of the Saskatchewan Accelerator Laboratory 
(SAL), and at the Experimental Hall B of the 
Jefferson Laboratory (JLab), covering the energy 
range from 60 MeV up to 4 GeV. The targets of the 
aforementioned isotopes were- irradiated with 
tagged real photons from a bremsstrahlung beam, 
and for each photofission event one of the two 
resulting fission fragments was detected. 

Fig. 1 shows the conceptual setup for these ex- 
periments. An electron beam incident on a thin 
radiator generates a bremsstrahlung photon beam 
in the forward direction. After the radiator, the 
electron beam is deflected away from the beam line 
by a dipole magnet, and the energy of each 
individual electron is measured by an array of 
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Fig. 1, Photofission experiment with a photon tagger. 



scintillators located in the focal plane of the deflect- 
ing magnet (photon tagger). The photons continue 
downstream and traverse a target foil. When a 
photofission event occurs, two fission fragments are 
emitted in opposite directions (the linear momen- 
tum transferred by a photon to a heavy nucleus is 
negligible in this energy range; therefore, the 
center-of-mass and laboratory frames are nearly 
the same). If one of the emitted fission fragments 
goes through the fission-fragment detector, the 
event is registered. The energy of the photon is 
determined from the difference in energy of the 
incident electron beam and the electron detected in 
the focal plane of the tagger. The electronic coinci- 
dence between the signals coming from the fission- 
fragment detector and one of the photon-tagger 
channels determines the experimental trigger. 

As long as the target foils and the fission-frag- 
ment detectors are nearly transparent to the 
photon beam, one can place several target-detector 
pairs along the beam line, in order to measure 
simultaneously the photofission cross sections for 
different isotopes and to increase the statistics of 
the experiment by using several targets per isotope. 

Another way to increase the counting rate is by 
tilting the target-detector pairs with respect to the 
beam line. In this way, the amount of target mater- 
ial along the photon beam line is increased with no 
effect on the detection efficiency (the fission frag- 
ments are emitted isotropically in the laboratory 



frame). As will be explained later, the need for 
collimation of the fission fragments due to the a ac- 
tivity of the actinide targets used in these experi- 
ments did not allow them to be tilted. 

Because of the significant difference in photo- 
fission cross sections between actinide and preac- 
tinide nuclei, the experimental set-up for each set of 
isotopes was different. The actinide cross sections 
were measured by having three targets per isotope. 
The much smaller preactinide cross sections were 
measured by having several targets of this kind, all 
tilted by 45"" with respect to the photon beam line. 



2. Fission-fragment detector system 

The detectors of choice were parallel-plate ava- 
lanche detectors (PPADs) because they are known 
to be very efficient in detecting fission fragments 
[1-8], They are also ideal for photofission experi- 
ments because they have good time resolution 
(allowing the use of the photon-tagging technique), 
and they are practically insensitive to neutrons, 
photons, and electrons. And although PPADs are 
sensitive to a particles, which are a common source 
of background when the targets are actinide nuclei, 
they provide good pulse-height discrimination be- 
tween the a particles and the fission fragments. 

PPADs were also ideal for these experiments 
because they can be quite transparent to a high- 
energy photon beam, allowing the use of a sizable 
array of target-detector pairs along the beam line. 
This is very important in order to increase the 
statistics of the measurements, a common problem 
for photofission experiments, especially for the case 
of preactinide nuclei. It should also be pointed out 
that PPADs have a low production cost, as com- 
pared for example with solid-state detectors, allow- 
ing us to build many of them (50 in this case). 

One of the problems when detecting fission frag- 
ments with PPADs is that before the fragments 
enter the active region of the detector, they have to 
go through one of the electrode planes, usually in 
the form of a film of conductive material. The 
energy losses of fission fragments in matter can 
be very large, and therefore the electrode-film must 
be very thin. This could represent a serious tech- 
nical problem in the construction and operation of 
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the detectors. One of the typical solutions to this 
problem is to have the target foil serve as one of the 
electrodes. In the case of actinide nuclei, the radio- 
active nature of these isotopes makes this solution 
somewhat risky (obviously, this is not possible 
when the target is not a conductor), and cannot 
be used if the foil oxidizes (like Th). The alternative 
we chose is to replace one of the electrodes by 
a wire grid, so that most of the fission fragments 
enter the active region of the detector without 
interacting with the electrode material. For these 
experiments, PPADs with anode wire grids were 
designed, built, and tested at The George Washing- 
ton University Nuclear Detector Laboratory. 

3. Avalanche detectors 

PPADs are ionization detectors that operate in 
the avalanche regime, which is defined by a combi- 
nation of gas pressure and electric field such that 
a single free electron can start an exponential ioniz- 
ation process [9]. The pressure required is roughly 
between a few mTorr and about 25 Torn The 
corresponding electric field varies from about 100 
to 400 V/mm. 

A PPAD is a two-parallel-plate capacitor filled 
with gas at low pressure, and a voltage applied 
between the plates, so that the conditions for an 
avalanche regime are generated across the gap. 
When a free electron is created inside the detector 
by an ionizing particle, it will generate an ava- 
lanche of electron-ion pairs [10-12], The number 
of avalanche electrons is proportional to the dis- 
tance that they travel, 

dn^=n^(xdy (1) 

where is the number of electrons generated be- 
tween y and y -f- dy, and a is the first Townsend 
coefficient. This coefficient represents the mean 
number of ionizing collisions per mm by one elec- 
tron, and has a very strong dependence on the ratio 
£/p, where E is the electric field and p is the pres- 
sure. From Ref. [1], the voltage pulse generated by 
a particle track is equal to 

e exp(arf) 



where e is the electron charge, C is the detector 
capacitance, d is the distance between electrodes, 
and m is the total number of primary electrons 
generated by the ion inside the gap. 

One of the problems of PPAD design is the high 
probability of electric breakdown in the form of 
sparks and glow discharges in the avalanche re- 
gime. To minimize this problem, a gas with high 
self-quenching properties has to be used. Hydro- 
carbons are the usual choice. Isobutane has been 
shown to be a good option because it is very com- 
mon, easy to handle, inexpensive, and provides 
a satisfactory response [2]. 

4. PPAD design 

In our design the anode plane of the PPAD is 
a grid of gold-plated tungsten/rhenium wires, and 
the cathode plane is an aluminized mylar foil. The 
frames for both electrodes are rectangles of PC- 
Board material (FR-4, which is a kind of fiberglass), 
with windows cut inside. The thickness of each 
FR-4 frame is 1.5 mm. They are placed back to 
back, generating a gap between the electrodes of 
3 mm. Part of the copper on the external side of the 
PC boards is removed to provide the necessary 
space for connecting resistors, capacitors, HV con- 
nectors, and signal connectors. It is also important 
to remove copper from the edges of the windows to 
minimize the probability of electric breakdown 
along the limits of the active region. To minimize 
this probability even further, the cathode windows 
are made 10 mm x 10 mm larger in area than 
the anode windows; in this way the profile of the 
edge of the window is not a straight line, and 
the distance along that surface traveled by the 
breakdown electrons is maximized. The edges of 
the windows are also rounded to prevent electric 
discharges from developing near sharp edges. Fig. 2 
shows the basic design and some relevant dimen- 
sions. 

The grid wires are attached to the anode frame 
with epoxy glue, and electrically connected to the 
copper area of the PC board with conductive epoxy 
glue. The wires are 25|xm in diameter and are 
spaced 1mm from each other. The aluminized 
Mylar foil for the cathode also was glued with 
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Fig. 2. PPAD design. 



conductive epoxy to the frame, and is secured with 
non-conductive epoxy glue. After testing the first 
prototypes using a transparent reaction chamber 
(made out of plexiglass), it was concluded that any 
metallic area exposed to the low-pressure isobutane 
atmosphere is a potential source of electric break- 
down. To prevent this from happening, all the ex- 
posed areas are covered with a layer of epoxy glue, 
and the high voltage connectors are encapsulated 
in plastic cases. 

In Fig. 3 the electric circuit for a PPAD is shown. 
The function of this circuit is to provide a match 
with the 50-Q input impedance of the analog ampli- 
fier, and a low-pass filter for any noise coming from 
the high-voltage power supply. To reduce the noise 
level even further, the signals are fed out using 
coaxial cables and connectors (LEMO connectors). 

A target foil was placed in front of each PPAD. 
The targets were aluminum foils nominally 100 jam 
thick, with a film of fissionable material deposited 
on one side. Each target was sandwiched between 
two FR-4 frames with 5 mm x 10 mm windows. 
They were connected to the detectors by long 
Teflon screws, and the distance between the targets 
and the detectors was set by Teflon spacers. 
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Fig. 3. PPAD circuit diagram. 

The PPADs were designed with a rectangular 
shape in order to allow them to be tilted 45° with 
respect to the beam line if necessary. Although by 
doing this the counting rate of the experiment can 
be increased, the energy resolution is decreased. 
Particles that enter the active region at large angles 
will produce larger signals than those that enter at 
smaller angles. As a result, the a-particle and the 
fission-fragment spectra will have longer tails and 
thus will tend to overlap. Since the actinide nuclei 
are a active, this overlap can compromise the par- 
ticle discrimination. After prototype testing, it was 
concluded that for the actinide targets it was neces- 
sary to constrain the angles of the particles coming 
into the detector by placing a collimator in front of 
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the anode. The collimators were FR-4 sheets, 1 mm 
thick, with a circular hole (40 mm in diameter) in 
the center. Similar collimators were placed next to 
the targets, in order to limit the number of a 
particles emitted by the targets and reaching the 
detectors. 

In the case of the actinide targets, the distance to 
the detectors was 17.5 mm and two collimators 
were used. In the case of the preactinide targets, 
since they are not a active, there was no need for 
collimation. The targets were also put as close as 
possible to the detectors to maximize the solid- 
angle acceptance, and the pairs were tilted 45° with 
respect to the beam line. Fig. 4 shows the different 
parts of a typical target-detector pair. 

In order to provide the low-pressure isobutane 
atmosphere necessary for the operation of the 
PPADs, the array of target-detector pairs was 
placed inside a hermetically sealed reaction 
chamber built at the Kurchatov Institute in 
Moscow. The chamber is a box with a 
120 cm X 20 cm X 16 cm inner volume. The body 
of the chamber is made out of steel with the excep- 
tion of the lid that is made out of aluminum (so that 
it can be removed more easily). The target-detector 
pairs were suspended from the inner side of the lid, 
connected to it by two rails. Once the lid of the 
chamber was in place, the center point of the targets 
and detectors were aligned with the center point of 
the two thin windows at the ends of the chamber. 
The windows were fabricated by milling out a cy- 
lindrical portion from an aluminum flange, until 
only a thin layer (0.5 mm thick) was left. The two 
center points of the windows were aligned with the 
photon beam line, ensuring that the beam would go 
through the center of all the targets and detectors. 
Fig. 5 shows the reaction chamber and the array of 
target-detector pairs inside. 

The high voltage is delivered to the detectors 
inside the chamber via a 20-channel feedthrough. 
To extract the detector signals, three lO-channel 
signal feedthroughs were used. All the feedthroughs 
are installed in flanges mounted at the ends of the 
lid; in this way all the detectors and their electric 
connections can be removed from the chamber by 
removing its lid. The maximum number of target- 
detector pairs that can comfortably be installed 
inside the chamber is 24. 




Target holder 



Fig. 4. Target-detector pair. 

To maintain the avalanche regime, and to keep 
the gain of avalanche detectors constant, it is neces- 
sary to keep the pressure and purity of the gas 
stable. One of the options to achieve this is to flow 
the isobutane through the chamber using an accu- 
rate pressure and flow control system. Since the 
time resolution of the photon taggers at SAL and 
JLab is of the order of 2 ns, it was concluded that, 
as long as the gas was exchanged every 24 h, the 
time resolution of the PPADs would be good 
enough to match that of the photon tagger. There- 
fore, we were able to simpHfy the gas control system 
greatly. A schematic diagram is shown in Fig. 6. To 
monitor the pressure of the gas, a species-indepen- 
dent pressure gauge was installed. The pressure 
gauge was connected to the data-acquisition sys- 
tem through an analog-to-digital converter, and 
the value of the pressure was recorded every 10 
seconds. As for the purity of the gas, a PPAD and 
a ^^^Cf source were installed inside the chamber, 
but out of the beam line. By monitoring the change 
in the ADC spectrum for the spontaneous-fission 
fragments from ^^^Cf, changes in the gain of the 
other detectors could be inferred, and these changes 
could be associated with the degradation of the gas 
quality. 

The reaction chamber was mounted on a 
movable table, screw-driven by a stepping motor, 
so that it could be removed from the photon beam 
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Fig. 5. Reaction chamber and target-detector array. 



line remotely. This was necessary when performing 
tagging-efficiency runs and other tests to measure 
background levels. The table was designed and 
built by the technical staff of SAL. 

5. Detector testing 

When prototyping a PPAD, one of the advan- 
tages is that one can use spontaneous-fission sour- 



ces to test the detector. The properties of the fission 
fragments emitted by a source like ^^^Cf are almost 
identical to those of the fragments emitted by in- 
duced fission. 

During the prototyping and production of the 
50 PPADs built at The George Washington Uni- 
versity Nuclear Detector Laboratory, two ^^^Cf 
sources were used. One was a thick source (the 
californium was deposited on top of a metallic disk), 
and the other one was thin (the californium 



J.C. Sanabria et al. I Nuclear Instruments and Methods in Physics Research A 441 (2000) 525-534 



531 



Pressure 
gauge 



Pump 



® 



Reaction 
chamber 




filter 



Gas bottle 



Fig. 6. Reaction-chamber gas system. 



was deposited on a very thin film of aluminum 
oxide). With the thick film, the energy 
spectrum recorded by a PPAD was studied. The 
dependence of this spectrum on the size of the 
collimator, the distance between the target and 
the detector, and the pressure and the purity of the 
gas was characterized. In Fig. 7 the ADC spectrum 
for ^^^Cf is shown.^ The very good separation 
between the ot particles (the low-energy tail) and the 
fission fragments is due mostly to the narrow col- 
limation of the fragments. Because of the beam spot 
size, especially at SAL, and the need for a high 
counting rate during the experiment, such narrow 
collimation was not possible. In spite of this, reas- 
onably good discrimination between a particles 
and fission fragments was achieved. 

The thin californium film allows both of the 
fragments emitted during a spontaneous fission to 
escape. By placing one PPAD on one side of the 
film and another one on the other side, the time 
difference between the signals coming from both 
PPADs yields information about the combined 
time resolution of both detectors. Several tests of 
this kind were performed, and the time resolution 
for the PPADs was evaluated. These tests showed 
that the time resolution for the PPADs is very 
sensitive to the geometrical configuration of the 
two detectors, the quality of the gas, the gas pres- 
sure, and the applied voltage. However, the main 
conclusion of all these studies was that the time 
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*For this test, a LeCroy 2249A ADC was used. 



Fig. 7. ADC spectrum for a PPAD test with a ^"Cf source. 
Pressure = 10 Torr, V = 650 V, collimator diameter = 10 mm. 



resolution for this design is at most 1 ns, which was 
good enough for the purposes of the photofission 
experiments. 

The average peak voltage of the pulses generated 
by fission fragments on a PPAD was of the order 
of 5 mV, while for a particles it was of the order of 
1 mV. By using a fast linear amphfier with a gain of 
200, the fission-fragment signals were amplified to 
about 1 V, which is within the range of voltages 
accepted by standard instrumentation modules. 
The signal risetime was 6 ns, and the decay time 
was 12 ns. 

To test each of the PPADs produced, and also to 
characterize their dependence on electric field and 
gas pressure, measurements of the counting rate of 
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^^^Cf fragments at different voltages and gas pres- 
sures were perfornied. Fig. 8 shows the results of 
some of those tests. From this figure we can see that 
as the pressure of the isobutane decreases, the 
counting rate as a function of applied voltage be- 
comes a smoother curve. However, the probability 
of destructive electric breakdown also becomes 
a significant problem. For this reason it was 
decided that a safe operating point was with a 
pressure of 15 Torr and a voltage of about 750 V. 



6. Detector efficiency 

A PPAD is a very efficient fission-fragment de- 
tector. Most of the inefficiency comes from the 
interception of fission fragments by the wire grid 
that forms the anode plane. In the case of the 
actinide targets, the collimators limit the angles at 
which the particles enter the active region; there- 
fore, the inefficiency is approximately equal to the 
fraction of area covered by the wires, which is 2%, 
resulting in a detection eflSciency of 0.98. 

In the case of the preactinide targets, some par- 
ticles can enter the active region at very wide 
angles, and the density of wires that could obstruct 
the particle's path increases significantly. To ac- 
count for this effect, a geometrical calculation of the 
effective area covered by the wires for a large solid 
angle, as "seen'* by a fission fragment, was made. 
The detection eflSciency calculated in this manner 
was determined to be 0.96. 



7. Detector performance 

During the experiments at SAL and JLab, energy 
and timing information was read out for each 
photon-induced fission event. The energy content 
of each signal produced by a PPAD was measured 
by an ADC. To determine the number of fission 
events induced by tagged photons, the basic in- 
formation came from the TDC spectrum of each 
tagger channel. The TDC was started by a signal 
coming from a PPAD and it was stopped by a sig- 
nal in the tagger channel. The event was accepted 
and read out by the DAQ system if the two signals 
were within a given resolving time. 
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Fig. 8. Counting rate as a function of voltage and pressure for 
a "^Cf test of a typical PPAD. 



In many cases the signal in the PPAD is pro- 
duced either by a fission event induced by an un- 
tagged photon or by an a particle. For such events, 
the fact that the PPAD signal might be in coincid- 
ence with the signal from a tagger channel is an 
accident. However, there is no time correlation 
between those two signals, and these kinds of 
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events (accidental coincidences) therefore produce 
a flat background in the TDC spectrum. 

When the PPAD signal is the result of a fission 
event induced by a tagged photon, there is a 
time correlation between this signal and the signal 
produced in one of the tagger channels by the 
corresponding electron. These kinds of events (true 
coincidences) appear in the TDC spectrum as 
a narrow peak with a width of about 2.5 ns, which 
is the combined resolution time of the PPADs and 
tagger channels. Therefore, the inferred time resolu- 
tion for an individual PPAD can be estimated to be 
of the order of less than 1 ns (at a pressure of 15 
Torr). Fig, 9 shows the TDC spectrum for one of 
the ^^^Np targets. In this example the contribu- 
tions of several tagger channels have been com- 
bined to enhance the statistics. 

In Fig. 10 a typical ADC spectrum is presented. 
The decaying distribution in the low energy part is 
the contribution of the a particles; the other distri- 
bution comes from fission fragments (tagged and 
untagged). The two distributions overlap due to the 
wide collimation used during the experiments. In 
spite of the overlap, one can still discriminate the 
events whose ADC channel number is low enough 
so that it cannot be the result of a fission fragment. 
For example, for the case of Fig, 10, events whose 
ADC channel number is below ^ 75 can be ex- 
cluded. In this way most of the a particles were 
easily eliminated from the data. 

8. Conclusions 

A fission-fragment detection system consisting of . 
a low-pressure reaction chamber and a set of paral- 
lel-plate avalanche detectors has been designed and 
built at The George Washington University, The 
detection system has been used in two experiments 
on photofission of actinide and preactinide nuclei 
at SAL and JLab. The detectors have demonstrated 
very good stability and reliability under intense 
bremsstrahlung beams during more than 60 d of 
data taking. The observed time resolution is of the 
order of 1 ns when operated at a gas pressure of 15 
Torr. The energy resolution of the detector was 
high enough to allow for very good discrimination 
between a particles and fission fragments. Finally, 
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Fig. 9. Tagger TDC spectrum for the target before 
ADC cut. 
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Fig. 10. ADC spectrum for the target "'Np-2. 

due to the simphcity of the design, the aforemen- 
tioned goals have been achieved at very low cost. 
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2,7 The Interaction of Photons 37 
The absorption cross section can then be simply calculated by 

c^^a.-a-'. <2.112) 
Another formula which we will make use of very often when discussing detectors is 

the energy distribution of the Compton recoil electrons. By substituting into the Kleia- 

Nishina formula, one obtains 



dT 



2 + . 



\-si^ y) 



(2.113) 



where s = T/h v. Figure 2.24 shows this distribution for several incident photon 
energies. The maximum recoil energy allowed by kinematics is given by 



Vl+2y/ 



(2,114) 



[$ee (2. 106)] and is known as the Compton edge. 



Thomson and Rayleigh Scattering. Related to Compton scattering are the classical pro- 
cesses of Thomson and Rayleigh scattering, Thomson scattering is the scattering of 
photons by free electrons in the classical limit. At low energies with respect to the elec- 
tron iriass, the Klein-Nishina formula, in fact, reduces to the Thomson cross-section. 



(7 = ri 



(2,115) 
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Fig, 2.24, Energy distribution of 
Compton recoil electrons. The 
sharp drop at the maximum recoil 
energy Is known as the Compton 
edge 



Rayleigh scattering, on the other hand, is the scattering of photons by atoms as a 
whole. In this process, all the electrons in the atom participate in a coherent manner. 
For this reason it is also called coherent scattering. 

In both processes, the scattering is characterized by the fact that no energy is trans- 
ferred to the medium. The atoms are neither excited nor ionized and only the direction 
of the photon is changed. At the relatively high energies of x-rays and y-rays, Thomson 
and Rayleigh scattering are very small and for most purposes can be neglected. 



2.7.3 Pair Production 

The process of pair production involves the transformation of a photon into an elec- 
tron-positron pair. In order to conserve momentum, this can only occur in the presence 
of a third body, usually a nucleus. Moreover, to create the pair, the photon must have 
at least an energy of 1 ,022 MeV, 

Theoretically, pair production is related to bj-emsstrahlung by a simple substitution 
rule, so that once the calculations for one process are made, results for the other imme- 
diately follow. As for bremsstrahlungr the screlening by the atomic electrons sxirround- 
; jxig the nucleus plays an important role in pair production. The cross sections are thus 
J "dependent on the parameter <f [see (2.67)], which is now defined by 
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(2.116) 



: total energy of outgoing positron; : total energy of outgoing electron. 
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At extreme relativistic energies and arbitrary screening, a Born approximation caU 
culation gives the formula 



-^-|lnZ-/(Z) 



(2.117) 



where 01 and (p2 are the screening functions used in (2,69) and the other variables are as 
defined in (2.68). 

As before, this formula simplifies in the limiting cases of no screening and complete 
screening. Thus for no screening (f > 1), we obtain 



In— i— 5--— -/(Z) , 



(2.118) 



while for complete screening, ^-*0, 



dx = 4Z 



.2 , 2E^E. 



+ Et + 



[In(183Z-''0-/(Z)) 



(2.119) 



Because of the Bom approximation, these formulae are not very accurate for high Z 
or low energy, A more complicated formula valid for low energies and no screening has 
been derived by Bethe and Heitler and is given in the article hy Bethe and Ashkin [2.10] 
along with a somewhat simpler formula from Hough. 

To obtam the total pair production cross section, a numerical integration of the 
above expressions must generally be performed- In the case of no screening with 
m^c^<hy^i31mcC^Z'^^^\ an analytic integration is possible yielding 



m^c^ / 54 
Similarly for complete screening, hv> \31 m^c^Z^^^^^ 



(2.120) 



(2.121) 



For all other cases, a numerical integration of (2.1 17) must be performed. Figure 2,25 
illustrates the energy dependence of the total pair cross section. 

As for bremsstrahlung, pair production may also occur in the field of an atomic 
electron. Not surprisingly, a similar result is obtained for the cross section, but smaller 
by about a factor Z. To approximately account for this interaction, then, one need only 
replace Z^ by Z(Z+ 1) in the above formulae. 

From the total cross section, it is interesting to calculate the mean free path, k^, 
of a y-ray for pan- pVoduction. Thus, using (2.121) 



1/Apajr « A^Tpaif = f 4Z(Z+ \)Nrl cyfln(183 Z'^^) -/(Z)] , 



(2.122) 
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where iV is the density of atoms and we have ignored the small constant term. This may 
be recognized as being very similar to the radiation length, and, in fact, comparison 
with (2.81) shows 

Apair==^|^rad. (2.123) 



2.7.4 Electron-Photon Showers 

One of the most impressive results of the- combined effect of pair production by high 
energy photons and bremsstxahlung emission by electrons is the formation o( electron- 
photon showers, A high energy photon in matter converts into an electron and positron 
pair which then emit energetic brenfisstrahlung photons. These, in turn, convert into 
further e^ e pairs, and so on. The result is a cascade or shower of photons, electrons 
and positrons. This continues untU the energy of the pair-produced electrons and 
positrons drops below the critical energy. At this point, the e'^'e" pairs will preferen- 
tially lose their energy via atomic collisions rather than bremsstrahlung emission, thus 
halting the cascade. 

The development of the cascade is» of course, a statistical process. Using the notion 
of radiation length, however, we may construct a simple model to describe the mean 
Qimibcr of particles produced and- their mean energies as a function of penetration 
depth in the converting material. Suppose we begin with an energetic photon of energy 
Eq, On the average, then, the photon will convert into an e"*" pair after one radia- 
tion length. The energy of each member of the pair is then E^/l, After two radiation 
lengths, the electron and positron will then each emit a bremsstrahlung photon with 
approximately half the energy of the charged particle. At this point there are 4 particles 
present: two photons and an electron-positron pair, each with energy Eq/4. At the end 
of three radiation lengths, the bremsstrahlung photons will have converted into two 
more e"^e" pairs, while the original pair will have emitted another set of brems- 
strahlung photons. The number of particles present is thus 8 and their energy £'0^8. 
Continuing in tills manner, it is easy to see that at the end of / radiation lengths, the 
total number of particles (i.e., photons, elections and positrons) present will be 

N^2' ^ (2.124) 

each with an average energy of 

^(0-|?. (2.125) 

The same result would also be obtained had we started with an electron rather than 
a photon. 

Now what is the maximum penetration depth of the cascade? If we assume that the 
shower stops abruptly at the critical energy J?c. then, we have 

^m^^^^E^ [ (2.126) 

2 "»» J 

which, solving for t^^, yields, 
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The scintillation detector is undoubtedly one of the most often and widely used particle 
detection devices in nuclear and particle physics today. It makes use of the fact that cer- 
tain materials when struck by a nuclear particle or radiation, emit a small flash of light, 
i.e. a scintillation, When coupled to an amplifying device such as a photomultiplier, 
these scintillations can be converted into electrical pulses which can then be analyzed 
and counted electronically to give information concerning the incident radiation. 

Probably the earliest example of the use of scintillators for partclc detection was 
the spinthariscope invented by Crookes in 1903. This instrument consisted of a ZnS 
screen which produced weak scintillations when struck by a-particles. When viewed by 
a microscope in a darkened room, they could be discerned with the naked eye, although 
some practice was necessary. It was tedious to use, therefore, and thus never very popu- 
lar, even though it was spectacularly employed by Geiger and Marsden in their famous 
a scattering experiments. Indeed, with the invention of the gaseous ionization instru- 
ments, the optical scintillation counter fell into quick disuse. 

In 1944, not quite a half century later, Curran and Baker resuscitated the instru- 
ment by replacing the human eye with the then newly developed photomultiplier tube. 
The weak scintillations could now be counted with an efficiency and reliability equal to 
that of the gaseous ionization instruments. Thus was born the modern electronic scin- 
tillation detector. New developments and improvements followed rapidly so that by the 
mid-1950's scintillation, detectors were among the most reliable and convenient avail- 
able. This is still true today. In this chapter, we will survey the existing materials and 
current techniques in use as weU as describe their basic underlying principles. 



7.1 General Characteristics 



Fig. 7.1. Schematic diagram of a 
sdntlliatlon counter 



The basic elements of a scintillation detector are sketched below in Fig. 7. 1 . Generally, 
it consists of a scintillating material which is optically coupled to a photomultiplier 
either directly or via a light guide. As radiation passes through the sdntillator, it excites 
the atoms and molecules making up the scintiUatqr' causing light to be emitted. This 
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iilt is transmitted to the PhotomuUipUer (PM o^^^^^^^^ 

in'to a weak curreat of photoelectron. wh|ch i ^henjurthe^^^ ^^^^^^ 

multiplier system. The resulting current signal is then anaiyzea vy 

general, the scintillator signal is capable of providing a variety of information. 
Among its most outstanding features are: 

,) sensitivity to Energy. Ahove a c^t-n mimmu^^^^^^^^ ou" 
a near Unear fashion with respect to ^^f f ^^f. 3^^^^ photomultiplier 

scintillator is directly P^oportiona o '^iZX^VlS^Sot the final electrical 
is also a linear device, (when °P^^ f*? PJ^^P/J^^;;^ scintlUator suitable as 

signal wiU also be Pr^^^^^^^ ^^f^, ST^^^menrfor this purpose, 
an energy sP«ctrometer although it .s not 1^^^ instruments in the sense that 

2)Fa,t Time Response. S«ntUtetion detertc^s a^^^^^^^^ 

their response and recovery t^"'.^*" '''1 tim^ difference between two 
faster response allows timing mformation, i.e., tne ^"^^r^'"^^.. . ^ ^^^ 
Ss. 5 be obtained with greater ^r-^^^r^'^or "-^^^ 

time. I.e., the time that ts lost wmic e ... ^ possible to distinguish 

and is discussed in more detaU later in this chapter. 
Sdntillatormaterialsexhibitthepropertyknownas^n./^^^^^^^^ 

terials. when exposed to certain ° J^^;;;^;^;^^^^^^ occur; 
etc., absorb and reemit the energy in the "J^^'^^^^T (.q-s s being roughly Che 
inuAediately after ab-/Pti<>.^.„«' "^^l^ However. 

rr:j£ri:=e7;=^ 
srryia?^»rrf^~^ 

'"'t a first approximation, the time evolution of the reemission process may be 
described as a simple exponential decay (Fig. 7.2) 



7,= i^kexp(-^). 



(7.1) 



ZTL^st^sX^^ Shorter than the decay time and ha. been taken as zero 

WhflSSle representation is adequate for most purposes, some, in fact, ex- 
hib.^^t"^« d^^^^^ A more accurate description, in these cases, maybe given 
by a two-compjonent exponential 

^«^exp(-^) + Sexp(^) . 
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Fig. 7.2. Simple exponential decay of fluorescent radiation. The rise 
time is usually much faster than the decay time 
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Fig. 7.3, Resolving scintillation light into lost (prompt) and slow 
(delayed) components. The soHd fine represents the total light decay 
curve 



where Tg and Tf are the decay constants. For most scintillators, one component is gener- 
ally much faster than the other so that it has become customary to refer to them as the 
fast and slow components (hence the subscripts f and s), or th^ prompt and delayed 
components. Their relative magnitudes, A and J?, vary from material to material, al- 
though it Is the fast component which generally dominates. Figure 7.3 shows the rela- 
tion between these components. As will be seen in a later section, the existence of these 
two components forms the basis for the technique of pulse shape discrimination. 

While many scintillating materials exist, not all are suitable as detectors. In general, 
a good detector scintillator should satisfy the following requirements: 

1) high efficiency for conversion of exciting energy to fluorescent radiation 

2) transparency to its fluorescent radiation so as to allow transmission of the light 

3) emission in a spectral range consistent with the spectral response of existing photo- 
multipliers 

4) a short decay constant, r. 

At present, sbt types of scintillator materials arc in use: organic crystals, organic liq- 
uids, plastics, inorganic crystals, gases and glasses. In the following sections we will 
briefly describe each category. Their basic properties are summarized in Table 7.1. 



7«2 Organic Scintillators 

The organic scintillators are aromatic hydrocarbon compounds containing linked or 
condensed benzene-ring structures. Their most distinguishing feature is. a very rapid de- 
cay time on the order of a few nanoseconds or less. 

Scintillation light in these compounds arises from transhions made by the free va- 
lence electrons of the molecules. These delocalized electrons are not associated with any 
particular atom in the molecule and occupy what arc known as the n-molecular orbit- 
als, A typical energy diagram for these orbitaJs is shown In Fig. 7.4, where we have dis- 
tinguished the spin singlet states from the spin triplet states. The ground state is a sin- 
glet state which we denote by Sq, Above this level are the excited singlet states (5*, 5**, 
, . , ) and the lowest triplet state (To) and its excited levels (T*, T**, , , .). Also assodat- 
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Rg. 7.4. Energy level diagram of an 
organic scintillator molecule. For clarity, 
the singlet states (denoted by S) arc 
separated from the triplet states (denoted 
by T) 
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ed with each electron level is a fine structure which corresponds to excited vibrationaJ 
modes of the molecule. The energy spacing between electron levels is on the oider of a 
few eV whereas that between vibrational levels is of the order of a few tenths of eV. 

Ionization energy from penetrating radiation excites both the electron and vibra- 
tional levels as shown by the solid arrows. The singJet excitations generally decay imme- 
diately (s lOps) to the 5* state without the emission of radiation, a process which is 
known as internal degradation. From S*, there is generally a high probability of mak- 
ing a radiative decay to one of the vibrational states of the ground state iSo (wavy lines) 
within a few nanoseconds time, This is the normal process of fluorescence which is de- 
scribed by ih^ prompt exponential component in (7.2). The fact that 5* decays to excit- 
ed vibrational states of So» with emission of radiation energy less than that required for 
the transition Sq S* also explains the transparency of the scintillators to their own 
radiation. 

For the triplet excited states, a similar internal degradation process occurs which 
brings the system to the lowest triplet state. While transitions from To to Sq are possi- 
ble, they are, howeverp highly forbidden by multipole selection rules. The Tq state, 
instead, decays mainly by interacting with another excited molecule, 



7o+ To S* + 5o H- phonons 



(7-3) 



to leave one of the molecules in the S* state. Radiation is then emitted by the 5* as de- 
scribed above. This light comes after a delay time characteristic of the interaction t>e- 
tween the excited molecule and is the delayed or slow component of scintillator light. 
The contribution of this slow component to the total light output is only significant in 
certain organic materials, however. 

Because of the molecular nature of luminescence in these materials, organics can be 
used in many physical forms without the loss of their scintillating properties. As detec- 
tors, they have been used in tJie form of pure crystals and as mixtures of one or more 
compounds in liquid and solid solutions. A brief description of these types is given 
below. 



7,2.1 Organic Crystals 



J- 



The most common crystalware anthracene (C14H10), trans-stilbene (C14HJ2) and naph- 
thalene (CioHg). With the exception of anthracene which has a decay time of «30 ns. 
these crystate have a fast time response on the order of a few nanoseconds. However, 
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due to channeling effects their amplitude response is anisotropic, that is, for a constant 
source of radiation the response varies with the orientation of the crystal. Obtaining a 
good energy resolution with a noncollimated source, then, can become a difficult prob- 
lem. 

They are hard crystals and thus very durable, although stilbene tends to be brittle 
and more sensitive to thermal shock than anthracene. For this reason also, the cutting 
of such crystals to desired forms and shapes is often a difficult task. This and other dis- 
advantages, unfortunately, have caused anthracene and stilbene to fall into disuse in 
the past years. 

Anthracene, nevertheless, has the distinction of having the highest light output of 
all the organic scintillators. For this reason, it is chosen as the reference to which the 
light outputs of other scintillators are compared* These outputs are thus usually ex- 
pressed as percent of anthracene light. 

7.2.2 Organic Liquids 

These materials are liquid solutions of one or more organic scintillators in an organic 
solvent. While the scintillation process here is still the same as that described above, the 
mechanism of energy absorption is different. In solutions, the ionization energy seems 
to be absorbed mainly by the solvent and then passed on to the scintillation solute. This 
transfer usually occurs very quickly and efficiently, although the precise details of the 
mechanism are still not clear. 

Some of the organic scintillators most commonly used as solutes are p-TcrphenylS 
PBD^ PPO^ and POPOP"*. Among the solvents, the most successful seem to be 
xylene, toluene, benzene, phenylcyclohexane, triethylbenzene and decaline. Meaisure- 
ments have shown that the efficiency of liquid scintillators increases with solute 
concentration although a broad maximum is reached just before saturation of the solu- 
tion. Typical concentrations are on the order of 3 g of solute per liter of solvent. 

The rt^sponse of liquid scintillators is generally quite fast with decay times on the or- 
der of 3 to 4 ns. They have a particular advantage in that they can be easily loaded with 
other materials so as to increase efficiency for a particular application. For example, 
Boron-11, which has a high neutron cross-section, can be added to increase efficiency 
for neutron detection. Similarly, wavelength shifters, i.e. materials which absorb light 
of one frequency and rcemit it at another, can also be added to make the spectrum of 
emitted light more compatible with a photomultiplier cathode. Loading, however, usu- 
ally causes a lengthening of the decay time and a drop in light output because of a 
quenching effect which is produced by these additives. It has been found, though, that 
by adding naphthalene, biphenyl and other compounds to the solvent, much of the 
quenching effect can be removed. 

As a general rule, liquid scintillators are extifemely sensitive to impurities in the sol- 
vent. It is not uncommon, in fact, to find two (jlifferent samples of the same liquid scin- 
tillator with pulse heights differing by as much as a factor of 2 because of contaminat- 
ing impurities. Dissolved oxygen, in particular, seems to have a large effect, although 
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this problem can be remedied to some extent by bubbling oxygen- free nitrogen through 
the liquid scintillator. 

7.2.3 Plastics 

[n nuclear and particle physics, plastic scintillators arc probably the most widely used 
of the organic detectors today. Like the organic liquids, plastic scintillators are also so- 
lutions of organic scintillators but in a solid plastic solvent. The most common and 
widely used plastics are polyvinyltoluene, polyphenylbenzene and polystyrene. Some 
common primary solutes are PBD, p-Terphenyl and PBO, which are dissolved in con^ 
centrations typically on Che order of lOg/1, Very often a secondary solute such as 
POPOP is also added for its wavelength shifting properties, but in a very much smaller 
proportion* The light emission spectra of several commercial plastics is shown in 
Fig. 7.5. 

Plastics offer an extremely fast signal with a decay constant of about 2 - 3 ns and a 
high light output. Because of this fast decay, the finite rise time cannot be ignored in 
the description of the light pulse as was done in (7.1). The best mathematical descrip- 
tion, as shown by Bengston and Moszynski 17.2], appears to be the convolution of a 
Gaussian with an exponential, 



(7.4) 



where /(er, 0 is a Gaussian with a standard deviation a. Table 7.2 gives some fitted val- 
ues of these parameters for a few common plastics. 



Table 7.2, Gaussian and exponential 
parameters for light pulse description 
from several plajtic scintUlatois 
(from BenffStoh and Moszynski [7.2]) 
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One of the major. advantages of plastics is their flexibility. They are easily machined 
by normal means aid shaped to desired forms. They are produced commercially in a 
wide variety of sizes and forms, ranging from thin films, a few ^g/cm^ thick, to large 
sheets, blocks and cylinders, and are relatively cheap. Moreover, various types of plas- 
tics are made offering differences in light transmission, speed, etc. 

While they are generally quite rugged, plastics are easily attacked by organic 
solvents such as ^acetone and other aromatic compounds. They are, however, resistant 
to water pure mfthylal (dimethoxymethane), silicone grease and lower alcohols. When 
handling unprotected plastic, it is generally advisable to wear cotton or terylene gloves 
as the body acids from one*s hands can cause a cracking of the plastic (often referred 
to as craze) after a period of time. 
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The absorption cross section can then be simply calculated by 

<7*=crc-tj\ <2.112) 

Another formula which we will make use of very often when discussing detectors is 
the energy distribution of the Compton recoil electrons. By substituting into the Klein- 
Nishina formula, one obtains 



if: = I'll -h ^ (s-^S 



(2.113) 



where s-T/hy. Figure 2.24 shows this distribution for several incident photon 
energies. The maximum recoil energy allowed by kinematics is given by 



2y 



l+2y 



(2,114) 



[see (2.106)1 ^nd is known as the Compton edge* 



Thomson and Rayleigh Scattering. Related to Compton scattering are the classical pro- 
cesses of Thomson and Rayleigh scattering. Thomson scattering is the scattering of 
photons by free electrons in the classical limit. At low energies with respect to the elec- 
tron ihass^ the Klein-Nishina formula, in fact, reduces to the Thomson cross-section, 



(7 = 



in 2 



(2,115) 



Rayleigh scattering, on the other hand, is the scattering of photons by atoms as a 
whole. In this process, all the electrons in the atom participate in a coherent manner. 
For this reason it is also called coherent scattering. 

In both processes, the scattering is characterized by the fact that no energy is trans- 
ferred to the medium. The atoms are neither excited nor ionized and only the direction 
of the photon is changed. At the relatively high energies of x-rays and y-rays, Thomson 
and Rayleigh scattering are very small and for most purposes can be neglected. 
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Fig* 2.14. Energy distribution of 
Compton reooU electrons. The 
sharp drop at the niaxixmmi recoil 
energy U known as the Compton 
edge 



2.7.3 Pair Production 

The process of pair production involves the transformation of a photon into an elec- 
tron-positron pair. In order to conserve momentum, this can only occur in the presence 
of a third body, usually a nucleus. Moreover, to create the pair, the photon must have 
at least an energy of 1 ,022 MeV, 

Theoretically, pair production is related to bj-fcmsstrahlung by a simple substitution 
rule, so that once the calculations for one process are made, results for the other imme- 
diately follow. As for bremsstrahlung, the screienlng by the atomic electrons sxuround- 
; ing the nucleus plays an important role in pair production. The cross sections axe thus 
[. dependent on the parameter <f [see (2.67)], which is now defined by 



TTT 



\ 



(2.116) 



pyith : total energy of outgoing positron; : total energy of outgoing electron. 
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Fig. 2.25. Pair ]>roduetion cross 
section in lead . 



At extreme relativistic energies and arbitraiy screening, a Born approximation caU 
culation gives the formula 



2 



+El] 



(2.117) 



where 0i and 02 are the screening functions used in(2. 69) and the other variables are as 
defined in (2.68). 

As before, this formula simplifies in the limiting cases of no screening and complete 
screening. Thus for no screening we obtain 



(hvy I hvm^c^ 2 J 



(2.118) 



while for complete screening, ^-^0, 

■ = 4Z^art^ ^I^El ^El +^^) tfn (1832^^^') -/(Z)) . 

(2.119) 

Because of the Bom approximation, these formulae are not very accurate for high Z 
or low energy. A more complicated formula valid for low energies and no screening has 
been derived by Bethe and Heitler and is given in the article by Bethe and Ashkin [2 AO] 
along with a somewhat simpler formula from Hough. 

To obtain the total pair production cross section, a numerical integration of the 
above expressions must generally be performed. In the case of no screening with 
meC^^/^v<137meC^Z^^^^ an analytic integration is possible yielding 



Tpair = 4Z^a/-i 



/(Z) - 
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Similarly for complete screening, hv > \llm^c^Z'''^^f 
Tp^ = 4Z2a rl l-J. Dn (183 Z " *^') -/(Z)I - 1/54J , 



(2.120) 



(2.121) 



For all other cases, a niimerical integration of (2.117) must be performed. Figure 2.25 
illustrates the energy dependence of the total pair cross section. 

As for bremsstrahking, pair production may also occur in the field of an atomic 
electron. Not surprisingly, a similar result is obtained for the cross section, but smaller 
by about a factor Z. To approxunately account for this interaction, then, one need only 
replace Z^ by Z(Z-l- 1) in the above formulae. 

From the total cross section, it is interesting to calculate the mean free path, Ap 
of a y-ray for pair production. Thus* using (2.121) 

1/Apair = A^Tpair « |'4Z(Z+ l)/s^r|aPn(183 Z'^^) -/(Z)l , 
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where AT is the density of atoms and we have ignored the small constant term. This may 
be recognized as being very similar to the radiation length, and, in fact, comparison 
with (2.81) shows 

Apair«f^rad. (2.123) 



2,7.4 Electron-Photon Showers 

One of the most impressive results of the- combined effect of pair production by high 
energy photons and bremsstrahlyng emission by electrons is the formation of electron- 
photon showers, A high energy photon in matter converts into an electron and positron 
pair which then emit energetic bremsstrahlung photons. These^ in turn, convert into 
further e"*' e ^ pairs, and so on. The result is a cascade or shower of photona, electrons 
and positrons. This continues untO the energy of the pair-produced electrons and 
positrons drops beiow the critical energy. At this point, the e'^e" pairs will preferen- 
tially lose their energy via atomic collisions rather than bremsstrahlung emission, thus 
halting the cascade. 

The development of the cascade is, of course, a statistical process. Using the notion 
of radiation length, however, we may construct a simple model to describe the mean 
aumbcr of particles produced and- their mean energies as a function of penetration 
depth in the converting material. Suppose we begin with an energetic photon of energy 
Eq, On the average, then^ the photon will convert into an €"^6' pair after one radia- 
tion length. The energy of each member of the pair is then Eq/2, After two radiation 
lengths, the electron and positron will then each emit a bremsstrahlung photon with 
approximately half the energy of the charged particle. At this point there are 4 particles 
present; two photons and an electron-positron pair, each with energy Eq/A, At the end 
of three radiation lengths, the bremsstrahlung photons wiU have converted into two 
more e'*'e'' pairs, while the original pair will have emitted another set of brems- 
strahlung photons. The number of particles present is thus 8 and their energy Eq/S, 
Continuing in this manner, it is easy to see that at the end of / radiation lengths, the 
total number of particles (i.e.. photons, electrons and positrons) present will be 

N^2' (2.124) 

each with an average energy of 

^(O-f. (2.125) 

The same result would also be obtained had we started with an electron rather than 
a photon. 

Now what Is the maximum penetration depth of the cascade? If we assume that the 
shower stops abruptly at the critical energy Ec* then, we have 

^(W) = :;r--^c [. (2.126) 

2 'max r 

which, solving for r^^x. yields, 
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?• Scintillation Defectors 



The scintillation detector is undoubtedly one of the most often and widely used particle 
detection devices in nuclear and particle physics today. It makes use of the fact that cer- 
tain materials when struck by a nuclear particle or radiation, emit a small flash of light, 
i.e. a scintillation. When coupled to an amplifying device such as a photomultiplier, 
these scintillations can be converted into electrical pulses which can then be analyzed 
and counted electronically to give information concerning the incident radiation. 

Probably the earliest example of the use of scintillators for particle detection was 
the spinthariscope invented by Crookes in 1903. This instrument consisted of a ZnS 
screen which produced weak scintillations when struck by a-particles. When viewed by 
a microscope in a darkened room, they could be discerned with the naked eye, although 
some practice was necessary. It was tedious to use, therefore, and thus never very popu- 
lar, even though it was spectacularly employed by Geiger and Marsden in their famous 
a scattering experiments. Indeed, with the invention of the gaseous ionization instru- 
ments, the optical scintillation counter fell into quick disuse. 

In 1944, not quite a half century later, Cur ran and Baker resuscitated the instru- 
ment by replacing the human eye with the then newly developed photomultiplier tube. 
The weak scintillations could now be counted with an efficiency and reliability equal to 
that of the gaseous ionization instruments. Thus was born the modern electronic scin- 
tillation detector. New developments and Lmprovemenls followed rapidly so that by the 
mid-1 950's scintillation, detectors were among the most reliable and convenient avail- 
able. This is still true today. In this chapter, we will survey the existing materials and 
current techniques in use as well as describe their basic underlying principles. 



7.1 General Characteristics 

The basic elements of a scintillation detector are sketched below in Fig. 7.1 . Generally, 
it consists of a scintillating material which is optically coupled to a photomultiplier 
either directly or via a light guide. As radiation passes through the sdntillator, it excites 
the atoms and molecules making up the scintillatcijr' causing light to be emitted. This 
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Fig. 7.1. Schematic diagram of a 
scintillation counter 



7. Sdfitillatlon Detectors 

ult is uansn^itted to the PHot-ultlpUer (PM o^^^^^^ ^--^^^ 
in'to a weak current of Photoelectrons wh.cb . ^eajurtt^r ^^^^^ 
multiplier system. The resulting current signal .s then anaiyzea oy 

'""m general, the scintUlator signal is capable of providing a variety of information. 
Among its most outstanding features are: 

1) sensitivity to Ener^. Above a -t-— ^^^^ outtroV: 
a near Unear fashion with respect to ^^l^"^^^^"^^!^' '^^^^c photomultiplier 
scintillator is directly proportional to the ^'f ^^^^ *"^^y. ^^^^ final electrical 

faster response aUows timing information, i;^- *7jJS*T2.\ya^^^ 

time, '™«I'^^'*V'**fXv^rrt^^ scintillators, it is possible to distinguish 

and is discussed in more detaU later in this chapter. 

l^ra^ro^ranT^mU^^^^^^^^ 
. inu^edlately after -^sorption or more pr«^^^^^^ ^J^^^^^ 

r/eeSs-o^i^^^^^^^^^^^ 

.''"t a first approximation, the time evolution of the reemission process may be 
described as a simple exponential decay (Fig. 7.2) 

(7.1) 



^^^i^ rrcafc^raSLisrtsrs^^^^^^ 

ZTLuils'^^X^^^Son^ than the decay time and ha. been taken as zero 
^" wSne SSle representation is adequate for most purposes, some, in fa«. ex- 
by a two-compjonent exponential 

(7.2) 



exp 



7.2 Organic Scintillators 
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Time 

Fig. 7.2, Simple exponential decay of fluorescent radiation. The rise 
Um« Is usually much faster than the decay tinfie 




Fig. 7.3. Resolving scintillation light into fast (prompt) and sJow 
(delayed) components. The soHd line represents the total light decay 
curve 



where t, and rf are the decay constants. For most scintillators, one component is gener- 
ally much faster than the other so that it has become customary to refer to them as the 
fast and slow components (hence the subscripts f and s), ox Xht prompt and delayed 
components. Their relative magnitudes, A and B, vary from material to material, al- 
though it is the fast component which generally dominates. Figure 7.3 shows the rela- 
tion between these components. As will be seen in a later section, the existence of these 
two components forms the basis for the technique of pulse shape discrimination. 

While many scintillating materials exist, not aU are suitable as detectors. In general, 
a good detector scintillator should satisfy the following requirements: 

1) high efficiency for conversion of exciting energy to fluorescent radiation 

2) transparency to ils fluorescent radiation so as to allow transmission of the light 

3) emission in a spectral range consistent with the spectral response of existing photo- 
multipliers 

4) a short decay constant, r. 

At present, six types of scintillator materials arc in use: organic crystals, organic liq- 
uids, plastics, inorganic crystals, gases and glasses. In the following sections we will 
briefly describe each category. Their basic properties are summarized in Table 7.1. 



7*2 Organic Scintillators 

The organic scintillators are aromatic hydrocarbon compounds containing linked or 
condensed benzene-ring structures. Their most distinguishing feature is a very rapid de- 
cay time on the order of a few nanoseconds oi' less. 

Scintillation light in these compounds arises from transitions made by the/ree va- 
lence electrons of the molecules. These delocalized electrons are not associated with any 
particular atom in the molecule and occupy What are known as the n-molecular orbit- 
ab. A typical energy diagram for these orbitaJs is shown In Fig. 7,4, where we have dis- 
tinguished the spin singlet states from the spin triplet states. The ground state is a sin- 
glet state which we denote by S^. Above this level are the excited singlet states (5*, 5**, 
, . .) and the lowest triplet state (To) and its excited levels (T*, T**, . , .). Also associat- 
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Rg. 7.4. Energy level dUffiam of an 
organic scintillator molecule. For clarity, 
the singlet states (denoted by S) arc 
separated from the triplet states (denoted 
by T) 



ed with each electron level is a fine structure which corresponds to excited vibrationaJ 
modes of the molecule. The energy spacing between electron levels is on the order of a 
few eV whereas that between vibrational levels is of the order of a few tenths of eV. 

Ionization energy from penetrating radiation excites both the electron and vibra- 
tional levels as shown by the solid arrows. The singJet excitations generally decay imme- 
diately (s lOps) to the 5* state without the emission of radiation, a process which is 
known as internal degradation. From S*, there is generally a high probability of mak- 
ing a radiative decay to one of the vibrational states of the ground state So (wavy lines) 
within a few nanoseconds time. This is the normal process of fluorescence which is de- 
scribed by xht prompt exponentiai component in (7.2). The fact that S"* decays to excit- 
ed vibrational states of Sq, with enaission of radiation energy less than that required for 
the transition Sq-^S* also explains the transparency of the scintillators to their own 
radiation. 

For the triplet excited states, a similar internal degradation process occurs which 
brings the system to the lowest triplet state. While transitions from Tq to Sq are possi- 
ble, they are, however, highly forbidden by muhipolc selection rules. The Tq state, 
instead, decays mainly by interacting with another excited To molecule, 

To^ 7^o-» 5* -l-5o + phonons (7.3) 

to leave one of the molecules in the 5* state. Radiation is then emitted by the 5* as de- 
scribed above. This light comes after a delay time characteristic of the interaction be- 
tween the excited molecule and is the delayed or slow component of scintillator light. 
The contribution of this slow component to the total light output is only significant In 
certain organic materials, however. 

Because of the molecular nature of luminescence in these materials, organics can be 
used in many physical forms without the loss of their scintillating properties. As detec- 
tors, they have been used in the form of pure crystals and as mixtures of one or more 
compounds in liquid and solid solutions. A brief description of these types is given 
below, 



7.2»1 Organic Crystals 

The most common crystalware anthracene (CuHio), trans-stilbenc (C14H32) and naph- 
thalene (CjoHs). With the exception of anthracene which has a decay time of fi*30 ns, 
these crystals have a fast time response on the order of a few nanoseconds. However, 
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due to channeling effects their amplitude response is anisotropic, that is, for a constant 
source of radiation the response varies with the orientation of the crystal. Obtaining a 
good energy resolution with a noncoliimated source, then, can become a difficult prob- 
lem. 

They are hard crystals and thus very durable, although stilbene tends to be brittle 
and more sensitive to thermal shock than anthracene. For this reason also, the cutting 
of such crystals to desired forms and shapes is often a difficult task. This and other dis- 
advantages, unfortunately, have caused anthracene and stilbene to fall into disuse in 
the past years. 

Anthracene, nevertheless, has the distinction of having the highest light output of 
all the organic scintillators. For this reason, it is chosen as the reference to which the 
light outputs of other scintillators are compared, These outputs aic thus usually ex- 
pressed as percent of anthracene light. 

7«2.2 Organic Liquids 

These materials are liquid solutions of one or more organic scintillators in an organic 
solvent. While the scintillation process here is still the same as that described above, the 
mechanism of energy absorption is different. In solutions, the ionization energy seems 
to be absorbed mainly by the solvent and then passed on to the scintillation solute. This 
transfer usually occurs very quickly and efficiently, although the precise details of the 
mechanism are still not clear. 

Some of the organic scintillators most commonly used as solutes are p-Terphenyl\ 
PBD^ PPO^ and POPOP'*. Among the solvents, the most successful seem to be 
xylene, toluene, benzene, phenylcyclohexane^ triethylbenzene and decaline. Measure- 
ments have shown that the efficienc>' of liquid scintillators increases with solute 
concentration although a broad maximum is reached just before saturation of the solu- 
tion. Typical concentrations are on the order of 3 g of solute per liter of solvent. 

The response of liquid scintillators is generally quite fast with decay times on the or- 
der of 3 to 4 ns. They have a particular advantage in that they can be easily loaded with 
other materials so as to increase efficiency for a particular application, For example, 
Boron-U, which has a high neutron cross-section, can be added to increase efficiency 
for neutron detection. SlmWdLxXy, wavelength shifters, i.e. materiab which absorb light 
of one frequency and reemit it at another, can also be added to make the spectrum of 
emitted light more compatible with a photomultiplier cathode. Loading, however, usu- 
ally causes a lengthening of the decay time and a drop in light output because of a 
quenching effect which is produced by these additives. It has been found, though, that 
by adding naphthalene, biphenyl and other compounds to the solvent, much of the 
quenching effect can be removed. 

As a general rule, liquid scintillators are exti^emely sensitive to impurities in the sol- 
vent. It is not uncommon, in fact, to find two different samples of the same liquid scin- 
tillator with pulse heights differing by as much as a factor of 2 because of contaminat- 
ing impurities. Dissolved oxygen, in particular, seems to have a large effect, although 

^ CTgHi4 \ 

2 2-phenyl,5-{4-biphenylyl)'l ,3.4-oxadlazolc (C2oH,4N20) 

^ 2,5-diphenyloxazoie (CjsHu NO) 
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this problem can be remedied to some extent by bubbling oxygen- free nitrogen through 
the liquid scintillator. 

7.2.3 Plastics 

In nuclear and particle physics, plastic scintillators are probably the most widely used 
of the organic detectors today. Like the organic liquids, plastic scintiUators are also so- 
lutions of organic scintillators but in a solid plastic solvent. The most common and 
widely used plastics are polyvinyltoluene, polyphenylbenzene and polystyrene. Some 
common primary solutes are PBD, p-Terphenyl and PBO, which are dissolved in con^ 
centrations typically on the order of lOg/I. Very often a secondary solute such as 
POPOP is also added for its wavelength shifting properties, but in a very much smaller 
proportion. The light emission spectra of several commercial plastics is shown in 
Fig. 7.5. 

Plastics offer an extremely fast signal with a decay constant of about 2 - 3 ns and a 
high light output. Because of this fast decay, the finite rise time cannot be ignored in 
the description of the light pulse as was done in (7.1). The best mathematical descrip- 
tion, as shown by Bengston and Moszyf^ski [7.2], appears to be the convolution of a 
Gaussian with an exponential, 



(7.4) 



where /(cT, t) is a Gaussian with a standard deviation a. Table 7.2 gives some fitted val- 
ues of these parameters for a few common plastics. 



Table 7.2. Oaussian and exponential 
parameters for light pulse description 
from several plastic scintUiatois 
(from Ben^stoh and Moszynski [7,2]) 
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One of the major advantages of plastics is their flexibility. They arc easily machined 
by normal means aiid shaped to desired forms. They are produced commercially in a 
wide variety of sizes and forms, ranging from thin films, a few ^g/cm^ thick, to large 
sheets, blocks and cylinders, and are relatively cheap. Moreover, various types of plas- 
tics are made offering differences in light transmission, speed, etc. 

While they are generally quite rugged, plastics are easUy attacked by organic 
solvents such as ^acetone and other aromatic compounds. They are, however, resistant 
to water pure m<fthylal (dimethoxymethane), silicone grease and lower alcohols. When 
handling unprotected plastic, it is generally advisable to wear cotton or terylene gloves 
as the body acids from one*s hands can cause a cracking of the plastic (often referred 
to as craze) after a period of time. 
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